A high-yield synthesis of SnO 2 nanoparticles via a facile, economical and easily scalable solid-state molten salt synthesis method has been demonstrated. The inorganic additive, molar ratios of chemicals and annealing temperature were found to control the size and porosity of the SnO 2 nanoparticles. The synthesized SnO 2 nanostructures were uniform, well dispersed and exhibited high crystallinity. Hydrogen sensors made from the SnO 2 nanoparticles were found to possess high sensitivity and stability. Other than tailoring the material's structure in terms of size and porosity, another potential method of enhancing the gas sensitivity is functionalization with noble Pd metal.
Introduction
There is a growing need for hydrogen sensors in many areas such as chemical and petroleum refining, semiconductor processing for microelectronics, and biomedical applications [1] . In view of this, there is a need to develop a hydrogen sensor that possesses superior sensing properties such as high sensitivity, and fast response and recovery times, as well as the ability to operate optimally at a sufficiently low operating temperature. Many approaches have been researched to synthesize and develop effective hydrogen sensors, and most of the currently offered hydrogen sensors are based on metal oxides due to their superior hydrogen sensing properties. Among these metal oxides, stannic oxide (SnO 2 ) has been identified as one of the preferred materials because of its excellent gas sensing properties. SnO 2 nanostructure based sensors have been reported to show good sensitivity properties such as low detection limit, good selectivity, and short response and recovery time [2] .
By using chemical processing, large amounts of easily processable SnO 2 nanoparticles can be obtained using mild conditions.
For this reason, an increasing number of reports have been published on the chemical synthesis of oxide nanoparticles; the more common ones include sol-gel [3] , spray-pyrolysis [4] , solvothermal [5] and microwave methods [6] . Although low-dimensional tin oxide nanostructures have been prepared by several techniques, synthesizing tin oxide nanostructures in an economical, large-scale and efficient manner without the involvement of organometallic precursors and complex processes remains an issue. Our work employs the use of a solid-state reaction method to synthesize SnO 2 nanostructures in an economical, easily scalable and high-yield process. We have noted that our synthesis procedures closely resemble those of Sun et al [7] . In the solid-state synthetic route, reactions are usually initiated by self-initiation via grinding and/or annealing of the mixed reagents. The solid-state reaction has several unique features: the reaction can be self-initiated at room temperature, and internally produced heat can be self-sustained to produce crystalline products [8] . Thus by designing a reaction that involves the inclusion of appropriate additives and the formation of desired by-products, it is possible to maximize the heat generated in the reaction, causing it to become a self-initiated one. The alkali halide NaCl is usually selected to be the by-product or additive because it is known to be an effective metal halide for a self-initiated reaction and it is stable against any undesired complex chemical reaction; it also possess sufficient aqueous solubility, which eliminates contamination issues in the end product [8] . The reaction is somewhat exothermic, such that heat released is sufficient to melt the halide salt additive or by-product to form a melt. In essence, the diffusion in the solid-state reaction is known to be short range, so the nucleated atoms or molecules are limited in a short range, thus forming nanosized particle.
In this paper, we report the effect of various reaction parameters that control the morphology and structure of the SnO 2 nanoparticles. In addition, the hydrogen sensing properties of SnO 2 nanostructures of various dimensions were investigated. Instead of changing the material structure in terms of size and porosity, a possibly superior method of enhancing the gas sensing properties via functionalization with noble Pd metal has shown great potential in gas sensitivity improvement.
Experimental details

Synthesis and characterization
The sample preparation procedure involved a facile and lowcost solid-state reaction method [7] . Fine SnO particles were first synthesized by a solid-state reaction of tin chloride dihydrate (SnCl 2 ·2H 2 O) and sodium hydroxide (NaOH). The SnCl 2 ·2H 2 O (2.26 g, 10 mmol, AR grade) and NaOH (0.08 g, 20 mmol, AR grade) were ground with a mortar and pestle for 15 min. Next, sodium chloride (NaCl) was added to the mixture at a molar ratio of 1:2 and further ground for another 30 min. The mixture was then oxidized and annealed for 2 h at 400
• C. The final products were washed with water and dried for 2 h at 60
• C. This synthesis method produced a high yield (90% mass recovery) of SnO 2 nanoparticles. The parameters affecting the size and morphology of the synthesized SnO 2 nanostructures via the solid-state reaction method were investigated by varying various experimental conditions. Samples S1 and S2 were prepared by changing the amount of NaOH to 10 mmol and 40 mmol, respectively. Samples S3 and S4 were prepared by using a precursor to NaCl additive ratio of 1:1 and 1:4, respectively. Sample S5 was prepared by replacing the tin chloride dihydrate (SnCl 2 ·2H 2 O) by tin chloride pentahydrate (SnCl 4 ·5H 2 O). Samples S6 and S7 were prepared by annealing the mixture for 2 h at 350 and 800
• C, respectively. Note that in each case the other parameters were kept constant.
The morphology and structure of the nanostructures were characterized using a scanning electron microscope (SEM: JSM-6700F) operating at 10 kV and a transmission electron microscope (TEM: JEOL-2100) with an accelerating voltage of 300 kV. The energy-dispersive x-ray (EDX) elemental analysis was carried out using a JED-2300 EDX system fitted to the TEM. X-ray diffraction (XRD) was carried out using a Bruker general area detector diffraction system (GADDS) xray diffractometer with a two-dimensional (2D) detector at 40 mA and 40 kV using Cu Kα radiation (λ = 1.541Å). X-ray photoelectron spectroscopy (XPS) was done using a VG ESCALAB MK2 equipped with an Mg Kα x-ray source operating at 300 W. Photoluminescence (PL) analysis was performed using an Accent Rapid PL Mapping System RPM 2000 He-Cd laser (325 nm and 1.8 mW). Brunauer-EmmettTeller (BET) measurements were conducted using a surface area and pore analyzer (Quantachrome Autosorb-1 NOVA 1000) with N 2 as the adsorbate at liquid nitrogen temperature.
Hydrogen sensing
The synthesized SnO 2 powders were processed into pellet form to facilitate analysis of its response to H 2 gas. Individual pellets were created by adding 0.5 g of the SnO 2 powder into a custom-made pellet mould, and applying a pressure of 15 tons on the mould for at least 30 min thereafter. Platinum wires were embedded in the pellet samples for resistance measurement purposes. The Pd was coated on the surface of the pellet sensors using a Denton magnetron sputtering system at a base pressure of 10 −6 Torr with a power of 100 W for a duration of 5 s. The sensitivity of the sensor was measured by the resistance changes during air and hydrogen gas cycling. The expression for sensor sensitivity to hydrogen is given as the ratio of the resistance in air to that in hydrogen (S = R air /R hydrogen ). The high-resolution TEM image (figure 1(c)) shows distinct lattice fringes. From figure 1(c) inset, the interplanar spacing is measured to be ∼0.251 nm, consistent with that for (200) rutile SnO 2 . The TEM EDX spectrum ( figure 1(d) ) of the nanoparticles reveals that tin and oxygen are the only components present. No sodium and/or chlorine contamination was found in the product. From the quantitative TEM EDX analysis, the amount of oxygen is found to be approximately 62.8% while that of tin is about 37.2%. The oxygen element component is observed to be almost twice that of tin, hence confirming the chemical composition to be SnO 2 . Figure 2 shows the XPS results of the synthesized nanoparticles obtained at room temperature. The binding energy positions for all the elements were corrected with respect to C 1s at 284.6 eV. The Sn 3d spectrum (figure 2(a)) comprises two peaks with binding energies at 487.0 and 495.3 eV, which can be attributed to Sn 3d 5/2 and Sn 3d 3/2 , respectively, in the form of tin oxide [9] . Figure 2(b) shows the O 1s spectrum; its asymmetric peak was fitted by two The effects of various parameters on the morphology of the SnO 2 nanoparticles were investigated. It was found that the dimension of the nanoparticles can be controlled by varying the precursor chemical ratio (SnCl 2 ·2H 2 O:NaOH), precursor to NaCl additive ratio (SnCl 2 ·2H 2 O:NaCl) and replacing SnCl 2 ·2H 2 O with SnCl 4 ·5H 2 O. Figure 3(a) shows the synthesized nanostructures when the amount of NaOH is reduced to half the reference conditions. The dimensions are significantly larger than were obtained for the reference sample. The SnO 2 nanoparticles have diameters greater than 100 nm. When the amount of NaOH is reduced, it is postulated that there is a subsequent decrease in the by-product NaCl which accounts for the increase in size observed. On the other hand, when the amount of NaOH is increased, nanoparticles of smaller dimensions (between ∼20 and 60 nm) were obtained ( figure 3(b) ). The chemical reaction that has taken place is as follows:
Results and discussion
Synthesis and characterization
The effect of varying the precursor to additive ratio on the dimension of the tin oxide nanoparticles was studied. Figures 3(c) and (d) show the nanostructures obtained when the ratio of precursor to additive (NaCl) was decreased and increased, respectively. It is observed that increasing the amount of additive results in nanostructures with reduced sizes. The diameter distribution is smaller (20-40 nm) as the size uniformity improves. This can be explained by the fact that the increased amount of NaCl and the water molecules produced can effectively precipitate to form a functional group which absorbs at the surface of the particles, thus inhibiting crystallite growth [7, 8] . Another important aspect of this designed solid-state reaction is the inclusion of NaCl additives. The particle size of the end product is easily controlled through the addition of NaCl or KCl additive [11] [12] [13] [14] [15] . Also, NaCl helps to separate the SnO 2 particles from agglomeration. After the reaction, the product mixture contains both the desired material and an alkali metal halide salt by-product which can be effectively removed via simple washing and rinsing. It has been noted that in the absence of NaCl additive, micronsized agglomerated and non-uniform SnO 2 crystals have been obtained. Thus, it is evident that the NaCl additive is important in controlling the size and to prevent agglomeration of the nanoparticles [8, [11] [12] [13] [14] [15] . Likewise, the as-synthesized nanostructures increase in size to diameters of >100 nm as the NaCl additive is decreased to half the reference quantity.
Next, the tin precursor was replaced by the SnCl 4 ·5H 2 O; the corresponding chemical reaction is as follows:
From the reaction equation, it is noted that the final amount of NaCl by-product is increased, which effectively produces smaller dimension nanoparticles, of 10-30 nm in diameter ( figure 3(e) ).
It is also observed that the synthesized nanoparticles are not as closely packed as those produced by the SnCl 2 ·2H 2 O precursor, rendering them porous in structure. This was later confirmed by the BET measurements. nanostructures can be explained by the growth mechanism of the solid-state reaction employed. Penn et al reported that an oriented attachment growth mechanism is most evident in synthesis processes by which the reactive particles are aggregated and close-packed as is the case with a solid-state reaction [16] . The growth mechanism involves the unplanned self-organization and coalescence of neighbouring particles at a planar interface to form a larger structure [7, [16] [17] [18] . It is postulated that as the annealing temperature decreases, the frequency of collisions between the reactive particles is reduced, and this decreases the coalescence between adjacent particles, hence resulting in smaller nanostructures (diameter 20-40 nm).
Similarly, we would expect that elevated temperature increases the frequency of particle collisions, which results in larger nanostructures.
This has been experimentally verified, and the nanostructures grown at higher temperature (800
• C) have a larger diameter distribution of 200-300 nm. Table 1 summarizes all the experimental parameters investigated and the results obtained. It is noted that the annealing time has an insignificant effect on the dimension of the synthesized nanostructures.
The XRD spectra obtained for the synthesized nanoparticles with average diameters of approximately 15 nm (S5), 30 nm (S4) and 40 nm (S2) are shown in figure 4. All the XRD peaks observed are found to be consistent with those of bulk SnO 2 (JCPDS File No. 77-0450), thus reaffirming that the synthesized material is SnO 2 . The diffraction peaks are observed to broaden as the particle size is reduced. The crystallite size (t) is calculated from XRD spectra using the well-known Scherrer formula [19] .
where K is the Scherrer constant, β is the measured full width at half maximum (FWHM) in radians, θ is the Bragg angle of the diffraction peak, and λ is the x-ray wavelength (0.154 18 nm). The crystallite sizes of the SnO 2 nanoparticles were calculated to be 11, 28 and 36 nm. It is noted that there is a possibility of line width broadening due to lattice distortion and/or instrumental factors which could lead to an underestimation of crystal size. Figure 5 shows the PL spectrum obtained for the S5, S7 and reference samples. It is known that the band gap of Figure 5 . PL spectra of the reference, S5 and S7 samples obtained at room temperature.
SnO 2 is 3.6 eV [8] . Therefore, the excitation energy of a He-Cd laser (λ ex = 325 nm = 3.82 eV) would be high enough to pump carriers to the excited states. Red emission at a wavelength of approximately 650 nm is observed for both S7 and reference samples. Since the band-to-band emission peak is not observed, it is very likely that the broad PL emission might be related to surface defects, oxygen vacancies and tin interstitials. The defects lead to the formation of a considerable amount of trapped states within the bandgap, resulting in red emission at room temperature. Although there is a similarity in the shape of the PL spectra for two samples, the emission intensity becomes stronger on increasing the synthesis temperature. As the diameter of the SnO 2 is decreased (S5), it is observed that broadening of visible emission bands and peak shifting occur. Sample S5 exhibits a weak yellow emission peak at ∼600 nm. It is known that a measured room temperature PL spectrum consists of a superimposed free-exciton peak and its phonon replicas [20] . The relative intensity of the dominating emission is determined by crystalline quality, which can lead to a spectral shift [20] .
Hydrogen sensing
The hydrogen sensing properties of the SnO 2 nanostructures were measured between 200-500 • C by cycling between atmospheric air and 500 ppm H 2 . It can be seen from figure 6(a) that the SnO 2 nanostructure sensor exhibits highly consistent responses over many cycles, which translates to high device stability. Figure 6(b) shows the sensitivity-temperature relationships obtained for different average particle sizes of 20 nm (S5), 30 nm (S4) and 40 nm (S2). The effective surface areas of all the samples (S5, S4 and S2) were measured using the BET method, and found to be 83.51, 46.81 and 19.09 m 2 g −1 , respectively. It is observed that sensors made up of smaller nanoparticles possess higher gas sensitivities. This is due to the increase in effective surface area as the particle size decreases. The gas sensing mechanism of a SnO 2 sensor is based on surface reactions between the oxygen species and the reducing gas in contact with the sensor [21] [22] [23] . When the effective surface area of the sensor increases, it results in an increase in the number of surface adsorption sites, and hence an increase in the oxygen species available for reaction. This will translate to larger resistive changes for the sensor and hence result in higher sensitivities [24] . The relationship between the surface areas and maximum sensitivities was investigated, and was observed to be linear ( figure 6(c) ). It can be extrapolated that adjusting the material structure sizes and porosity are methods that can improve the gas sensing properties. However, both adjustments of structure sizes and porosity are basically attempts to increase the surface area of the sensor. This improvement, however, is a linear function, as proven in our studies as well as in other reports [24, 25] , rendering it to be a rather ineffective method. Moreover, increased porosity also poses the issue of reduced device mechanical strength. A possibly superior method of improving gas sensing properties is via the approach of functionalizing SnO 2 nanostructures with noble metals. Thus, studies on the effect of Pd-coated sensors on the gas sensitivity were carried out. Pd was deposited on the same SnO 2 sensors on which gas sensing measurements were previously measured. This was to ensure that fair and controlled experiments were carried out. Figure 6 (d) illustrates the sensitivity-temperature relationships of the Pd-functionalized samples (S5, S4 and S2). The gas sensitivities were found to increase by approximately 1.5 times. The results show great potential in gas sensitivity improvement since it is noted that the Pd coating was done only at the surface of the whole pellet, which is approximately <2% of the total surface area of the SnO 2 nanoparticles that made up the pellet sensors. More work is now in progress to functionalize SnO 2 nanoparticles with Pd via a chemical route so as to ensure coating on each individual nanoparticle. The future work on optimization of Pd coating on nanostructures is important as it has been reported that Pd-based sensors have shown high sensitivity and selectivity towards hydrogen at room temperature [26] . The enhancement by Pd is most likely due to a 'spill-over' mechanism, wherein hydrogen molecules dissociate on the catalytic Pd clusters and then diffuse, probably across and/or through the clusters, to the substrate where the hydrogen atoms can interact with the semiconducting SnO 2 nanoparticles, to increase the conductance [27] . The conductance change is the result of adsorbed hydrogen atoms acting as donors to induce an accumulation layer by 'spilled-over' hydrogen atoms.
Conclusions
The controlled synthesis of high-yield and uniform size SnO 2 nanostructures has been successfully demonstrated. Hydrogen sensors made up of the SnO 2 nanoparticles were found to possess high sensitivity and stability. The Pdfunctionalized SnO 2 nanoparticle based sensors produced show great potential for improved hydrogen detection sensitivity. Functionalizing sensors with various noble metals is believed to be a simple and cost-effective technique to improve the gas sensing properties in addition to the possibilities of utilizing specific catalytic, magnetic and optical properties of the noble metals.
